Kaolinite (2SiO 2 .Al 2 O 3 .2H 2 O), an aluminosilicate mineral, is the most common constituent mineral in clay used in manufacturing traditional ceramics such as whitewares, some refractories and structural clay products. On firing, kaolin (mainly kaolinite) undergoes several phase transformations. Immediately following firing, kaolin starts to chemically combine with atmospheric moisture. This reaction causes a mass increase that is proportional to the fourth root of time. The consequence of this mass gain is an accompanying expansive strain. Kaolinite transformations following firing at a range of temperatures between 700 and 1200 o C were examined by XRD. Following firing, high accuracy mass gain measurements were carried out using a microbalance under precisely controlled conditions of temperature and relative humidity. It was found that the formation and development of crystalline phases increases with increasing firing temperature. This causes a reduction in the amorphous phase which, in turn, leads to reduced mass gain. Kaolin fired at 1200 o C exhibited the least reactivity with moisture and mullite was found to be the dominant crystalline phase after firing at that temperature. SEM was used to examine microstructural changes in the fired specimens. The reactivity of the ceramic with moisture is shown to be directly related to the crystallinity of the fired clay.
Introduction
Generally when formed and dried clay is fired, it loses its weakly bound water between 100 and 200 o C. Then its major phyllosilicate mineral, kaolinite (2SiO 2 .Al 2 O 3 .2H 2 O), dehydroxylates at 500-600 o C forming metakaolinite, which consists of the kaolinite lattice after removal of most of the hydroxyl groups [1] [2] [3] . The transformation of kaolinite to metakaolinite due to such thermal treatment is considered one of the ways that can be used to modify the kaolinite surface. This modification causes disruption of the kaolinite layer stacking which results in increased disorder and increased defect structure [4] . As heating proceeds a spinel-type phase crystallizes within the metakaolinite, beginning at around 900 o C. At about 1100-1200 o C spinel is lost and mullite crystals begin to develop [5] .
Fired clay ceramics expand upon exposure to atmospheric moisture [6, 7] . This moisture expansion can cause problems for ceramic bodies over long periods of time and can even cause structural failures. Information about long term moisture expansion is therefore important from a durability point of view. Both chemical composition and firing temperature are considered to be the main factors influencing the moisture expansion in these materials [8] [9] [10] .
Moisture expansion is associated with an increase in mass of the material [8, 11] . Milne [8] studied the expansion of fired kaolin following autoclaving for 96 h at 200 o C and recorded both the expansion and the gain in mass. However, at high firing temperatures the samples were badly cracked and expansion could not be measured. Recently, it has been proposed that the kinetics of moisture expansion and mass gain in fired clay ceramics can be described by a (time 1/4 ) law [12] . Moreover, it has been demonstrated that both moisture expansion and mass gain of freshly fired clays follow a two-stage process, each stage being linear with (time) 1/4 [13] . One of the main applications of this discovery has been a new dating method for archeological ceramics called "rehydroxylation (RHX) dating" which is based on the measurement of the mass gain rate in a reheated material [14] .
As a consequence of the direct relationship between moisture expansion and mass gain, we believe that studies of mass gain can help in revealing the underlying mechanisms of moisture expansion, the associated phenomenon, in fired clay ceramics.
The objective of the present study is to use kaolinite, the most common constituent mineral in clay used in manufacturing traditional ceramics, to examine the role of the kaolinite phase transformations due to firing on moisture induced mass gain. High accuracy mass gain measurements were carried out using a microbalance under precisely controlled conditions of temperature and relative humidity. XRD and SEM were employed to examine phase changes.
Experimental procedures
The chemical composition of washed kaolin, supplied by Fisher Scientific Ltd, UK, was determined by X-ray fluorescence (XRF) using an Axios Sequential Spectrometer manufactured by PANalytical, The Netherlands. Kaolin powder samples of approximately 15 g were uniaxially pressed by a hydraulic pellet maker in a 4 cm diameter die at 120 MPa. Samples of approximately 4.5 g were cut for microbalance measurements from the resulting compact kaolin powder disc. An electric muffle furnace Model Carbolite CWF 1200 fitted with a type 3216 temperature controller, was used for firing. Samples were fired at a range of temperatures from 700-1200 o C. Each sample was heated to the desired firing temperature at a rate of 10 o C/min and then held at the firing temperature for 4 h. Following firing, samples were removed from the furnace and allowed to cool in air for 10 min before being transferred to the microbalance for continuous mass measurements.
Mass gain measurements were carried out using a CiSorp water sorption analyzer manufactured by CI Electronics Ltd., Salisbury, UK. This equipment can measure the mass increase of a sample to an accuracy of ± 1µg plus 0.001% of the suspended mass. Mass measurements were carried out in the microbalance weighing chamber under controlled relative humidity (RH) and temperature conditions: 55% RH with an accuracy of ± 2% and 30 o C with an accuracy of ± 0.2 o C. Mass was recorded at increments of 0.001% mass increase, typically every 5-40 s. Following microbalance measurements, the phases in both fired and unfired kaolin samples were identified using a Bruker AXS D8 X-ray diffractometer with CuKα radiation operated at 40 kV and 40 mA.
For microstructural examination, a Philips XL30 ESEM-FG Environmental Scanning Electron Microscope was employed in a high vacuum mode. Samples were cross-sectioned, ground and polished using 3, 1, and 0.25 µm diamond pastes and subsequently etched with 5% HF solution for 7, 9 or 14 min depending on firing temperature. Samples were cleaned ultrasonically with distilled water, washed with ethanol, dried and then gold coated prior to examination under the microscope. Table 1 shows the chemical composition of the washed kaolin. The results are expressed in terms of oxides.
Results and Discussion
The chemical analysis shows that very minor amounts of alkali (Na, K) and alkaline earth (Ca, Mg) oxides were found in the kaolin used in this work. Fig.1 shows the fractional mass gain plotted against time 1/4 for kaolin fired at different temperatures. As can be seen, there are two stages (Stage I and Stage II) representing the reaction of atmospheric moisture with the freshly fired kaolin. The first stage (Stage I) finishes completely after a short time depending on firing temperature and then the second stage (Stage II) To compare the fractional mass gain rates in Stage II only, the data in Fig.1 were used to calculate the stabilized values of the Stage II gradients. Fig. 2 shows the fractional mass gain rates in Stage II (Stage II gradient) plotted against firing temperature. It can be seen that the fractional mass gain rates for samples fired at 700 o C and 800 o C are nearly the same. The Stage II gradient has its maximum value in the firing range 700-800 o C. As the firing temperature is increased, the Stage II gradient decreases. 
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A sharp drop in the fractional mass gain rate was noticed for samples fired at 900 o C. Then there is a slight difference in mass gain rate between samples fired at 1000 and 1100 o C. The fractional mass gain rate drops again significantly for samples fired at 1200 o C and records the lowest value of the Stage II gradient.
X-ray diffraction (XRD) was employed to identify the kaolin phases developed during firing and to attempt to understand the role of these phases on moisture induced mass gain. Fig. 3 compares the XRD pattern of unfired kaolin with those of the fired kaolin for five selected firing temperatures. It can be seen that unfired kaolin, mainly kaolinite, shows sharp peaks typical of crystalline materials. These peaks represent the crystalline structure of kaolinite. The original crystalline structure of kaolinite disappears on firing. Kaolin fired at 700 o C shows no crystallinity except for very small peaks of quartz and anatase. The structure is therefore largely amorphous and represents the metakaolinite structure. This structure may be the reason for the highest mass gain rate observed in the firing range 700-800 o C. With increasing firing temperature, the amorphous structure still persists up to 900 o C without obvious differences in XRD patterns between 700 and 900 o C. Nevertheless, the microbalance measurements, as explained above, showed a sharp decrease in mass gain rate for samples fired at 900 o C. It is believed that the sharp decrease in fractional mass gain rate at 900 o C is a consequence of a difference in the structure between samples fired at 700 o C and those fired at 900 o C. However, XRD could not detect this difference. Previous work by Lee et al. [15] , who studied the phase transformation sequence of fired kaolinite mainly by energy-filtering transmission electron microscopy, detected the existence of a spinel-type phase as scattered nanometer-sized features in the metakaolinite structure of kaolinite fired at 920 o C for 3h. The spinel-type phase produced at that temperature was too small and poorly crystalline to be detected by XRD. Consequently, it may be concluded that the difference in structure between samples fired at 700 o C and 900 o C could be due to the development of a new crystalline phase, namely a spinel-type phase, at the slightly lower temperature of 900 o C due to the samples have been held longer (4h) at this temperature. From this we may conclude that the development of the spinel-type phase is responsible for the sharp decrease in the fractional mass gain rate at a firing temperature of 900 o C. It can be seen from Fig. 3 that with further increase in firing temperature above 900 o C, a clear breakdown of the metakaolinite structure occurs. This is indicated by a broad background centered approximately around 2θ = 21 o , related to amorphous free silica, as well as new crystalline phases that start to appear at 1000 o C. These results are supported by the work reported in [15] . At 1000 o C, peaks of spinel and mullite phases start to develop and coexist. Both the intensity of these peaks and the crystallinity of mullite are slightly increased by firing at 1100 o C. Mullite is poorly-crystalline in the firing range 1000-1100 o C. The fractional mass gain rate changed therefore only slightly between 1000 and 1100 o C. The appearance of the crystalline phases during firing contributes to the decrease in the fractional mass gain rate as seen in Fig. 2 . With increasing firing to 1200 o C, the spinel-type phase completely disappeared, a very small peak of cristobalite phase started to develop and the mullite phase became very pronounced and was the dominant crystalline phase at this temperature. Corresponding to this, a sharp decrease and the lowest value in moisture induced mass gain rate was recorded for samples fired at 1200 o C. It can be concluded that kaolin fired at 1200 o C exhibited the least reactivity with moisture.
Scanning electron microscopy was used to examine the microstructural changes of fired samples. Fig. 4 shows secondary electron images taken at 20 kV, 15 kV and 12 kV for samples fired at 900 o C, 1000 o C and 1200 o C respectively. As can be seen for the sample fired at 900 o C the layer structure features of the original kaolinite mineral still persist. However, disruption of the kaolinite layer stacking is also seen with some areas showing initiation of the sintering process. With increased firing to 1000 o C sintering is clearly seen as shown in Fig. 4 (b) . With further increased firing to 1200 o C the amount and the crystallinity of mullite increase significantly until mullite becomes the dominant crystalline phase as shown in Fig. 4 (c) . 
Conclusion
The results show clearly that the crystalline phases developed during firing of kaolinite play a significant role in reducing the moisture induced mass gain of the fired ceramic over very long time scales. Consequently, the reactivity of the ceramic with moisture is shown to be directly related to the crystallinity of fired clay. It may also be suggested that using time 1/4 kinetics for measuring mass gain introduces a tool which could be useful to predict long-term moisture expansion of fired clay ceramics and which also helps in revealing the underlying mechanisms.
